We consider how fetal and postnatal phenotype may become susceptible to the plasticity of the preimplantation embryo, and the risks for adult health and physiology.
INTRODUCTION
Mammalian preimplantation development is subject to both genetic determinants and environmental factors. During this time the early embryo undergoes cleavage and blastocyst morphogenesis and the first two cell lineages segregate, the outer trophectoderm (TE) which will form the chorio-allantoic placenta later in pregnancy, and the inner cell mass (ICM) from which will derive the entire fetus. Homeostatic responses by the embryo to environmental cues, both in vivo and in vitro, have been shown to affect the long-term potential for health or predispose to adult disease (1-4; Fig.1 ). Several studies using rodent and domestic animal models have demonstrated that environmental conditions experienced during early development shape critical aspects of future growth, metabolism, gene expression and physiology. Thus, changes in periconceptual maternal diet can impact upon ovulatory fitness and blastocyst proliferation, leading to altered fetal metabolic and cardiovascular development and adult hypertension (5) (6) (7) (8) (9) (10) (11) . Similarly, in vitro culture of embryos can associate with changes in fetal growth (4, (12) (13) (14) (15) , gene expression and regulation (15) (16) (17) , postnatal behaviour (18, 19) , and raised systolic blood pressure (20) . These longitudinal associations are pertinent for preventative healthcare concerning nutrition during pregnancy as well as the safety of assisted reproduction technologies (ART) in the treatment of infertility, and underlie the need for elucidation of causal mechanisms and protective strategies.
EMBRYO DEVELOPMENT AND ENVIRONMENTAL SENSITIVITY IN VIVO
To evaluate the causes of environment-induced changes in embryo developmental potential, we first consider the nature of maternal-embryonic interactions within the relatively undisturbed reproductive tract. This may shed light on how the embryo may respond to sub-optimal conditions and the consequences of this response. The spectrum of maternal-embryonic signalling is broad and a range of metabolites, growth factors, macromolecules and developmental cues are involved in regulating embryo metabolism and growth (21, (23) (24) (25) (26) . The metabolic requirements of the embryo change as it travels from the oviduct towards the uterus; during early cleavage, the embryo predominantly metabolises pyruvate, but switches to glucose during compaction and throughout blastocyst development (27) (28) (29) (30) . Coupled with this, non-essential amino acids and glutamine increase the rate of cleavage in mouse (31, 32) , human (33) , bovine (34) and sheep (22) pre-compaction embryos, whilst post-compaction, essential amino acids are more influential (22, 31, 32) . In response to these changing requirements, the oviduct is relatively rich in pyruvate and low in glucose and provides the embryo with the necessary non-essential amino acids.
Conversely, the uterine environment is richer in glucose and essential amino acids (35, 36) . Recent proteomic research indicates that the interaction between the reproductive tract and gametes and embryos is both dynamic and critical for reproductive progression (37, 38) . Interestingly, recent studies have shown the metabolic activity of the early human embryo may be indicative of its potential, in that lower rates of amino acid exchange, perhaps symptomatic of low metabolic stress, correlate with improved viability after transfer (39) (40) (41) .
Maternal diabetes and hyperglycaemia
The link between embryo in vivo metabolic environment and longer-term health is evident in women with maternal diabetes where the hyperglycaemic environment increases the risk of spontaneous abortion and fetal abnormalities (42, 43) .
Blastocysts recovered from diabetic mice and rats have higher rates of chromatin degradation, nuclear fragmentation and apoptosis of ICM cells than embryos from controls (44, 45) . Similarly, the culture of normal mouse or rat blastocysts in high glucose concentrations increases the expression of pro-apoptotic markers (45) . One mechanism through which elevated glucose may induce blastocyst apoptosis is via the down regulation of glucose transporters (GLUTs), resulting in decreased intracellular glucose concentration and increased apoptosis (46) (47) (48) . Blastocysts from Glut1 (Slc2a1) knock-down mice show increased apoptosis and reduced glucose transport (49) , indicating appropriate intracellular glucose availability is critical for embryo survival (50) . Moreover, a high embryonic glucose environment also impacts negatively upon fetal development with increased frequency of resorptions and malformations and reduced fetal growth (46, 48, 49) . Decreased insulin/IGF-1 signalling via the PI3-K and Akt pathway may be a central mediator of reduced embryo potential (50) . Thus, activation of the PI3-K pathway by platelet activating factor has been shown to be essential for preimplantation embryo development and survival (51) , whilst inhibition of the PI-3K/Atk pathway in murine blastocysts results in reduced GLUT1 expression and glucose uptake, impaired blastocyst development and increased apoptosis and nuclear fragmentation (50) (51) (52) .
Mitochondrial function and blastocyst potential
Central to the relationship between glucose metabolism and apoptosis is the mitochondrion. Whilst mitochondrial ATP production is essential for oocyte maturation, Ca 2+ homeostasis and post-fertilisation development (53) (54) (55) , mitochondrial dysfunction and subsequent changes in calcium signalling can result in apoptosis in the oocyte and early embryo (53) .
There also exists a secondary mechanism through which mitochondria can influence aspects of post-fertilisation development. In the maturing oocyte, mitochondria undergo rapid rates of division followed by replication arrest during cleavage (56) . Suboptimal environmental conditions can increase reactive oxygen species (ROS) levels causing increased mitochondrial DNA (mtDNA) mutations (57).
Thus, any mtDNA mutations incurred during oocyte maturation will be maintained during early embryonic development. Alongside this, heterogeneity in the distribution of mitochondria in the oocyte could result in asynchronous mitochondrial loads in the resultant blastomeres, altering future developmental and metabolic profile (58, 59) .
Maternal diet
An altered uterine environment leading to adverse embryo responses can also derive from changes to maternal diet. (8, 9, 60, 61) . In the sheep, periconceptional undernutrition may act through enhanced stimulation of the HPA axis leading to increased fetal blood pressure in twins and postnatal cardiovascular dysfunction in singletons (8-11, 62, 63) as well as changes in the fetal IGF axis (64, 65) . Domestic animal studies have also shown follicular growth and oocyte quality to be affected by a range of dietary manipulations (66-69). Dietary energy levels influence both morphology and developmental competence of bovine oocytes (70) although increased protein intake may also elevate ammonia content in follicular fluid resulting in reduced blastocyst development (71) (72) (73) (74) . High levels of maternal nitrogen metabolism prior to embryo collection and in vitro culture has been shown to increase fetal development and alter gene expression (73) .
EMBRYONIC DEVELOPMENT AND ENVIRONMENTAL SENSITIVITY IN VITRO
Despite advances in the composition and properties of embryo culture media for ART and domestic animal biotechnology purposes, in vitro culture generally remains inferior to the in vivo environment for the rate of embryo development (1, 4, 12, 20, 75 ). An early, and perhaps the most dramatic, example of embryo culture having an adverse effect on the developmental programme is the phenomenon of 'large offspring syndrome' (LOS). LOS was observed after culture of sheep and cattle embryos in the presence of serum resulting in increased weight at birth, increased muscle mass, cerebellar dysplasia, skeletal and facial malformations, changes in the normal size and weight of internal organs and sudden perinatal death (76) (77) (78) (79) (80) . A LOS phenotype has also been observed following the process of cloning by nuclear transfer, the co-culture of embryos on granulosa cells, the transfer of embryos to an asynchronous uterine environment and the exposure of embryos to a high progesterone uterine environment (76) (77) (78) (79) 81) . It is of interest to note that sheep embryos cultured in the presence of serum display increased glycolysis when compared to embryos derived in vivo or cultured in the absence of serum (22) . These changes may arise from increased mitochondrial degeneration observed for embryos cultured in serum compared with serum-free conditions ( Incidences of multiple pregnancies are increased in patients receiving ART and as a consequence, children conceived through ART are more likely to be born premature and with a low birth weight (<2500g) (110, 111) . A recent comprehensive review of the data currently available on postnatal development of children conceived via ART concluded that the combination of the low birth weight and the inherent defects in parental gametogenesis were the most likely cause of any altered postnatal development, and that children born after ART were healthy and developmentally similar to children naturally conceived (110) . However, as the oldest person born from ART is still under the age of 30, it is difficult to gauge how long-term health and development may be affected. Indeed, the data from numerous animal studies has shown that the physiological consequences arising from altered embryo development may not manifest themselves till adulthood (20, 112) . It will therefore be of particular interest to follow the long term health and development of children conceived via ART. As well as this, we feel that certain aspects of postnatal physiology are being under-investigated. Data from our laboratory has demonstrated consistently that cardiovascular function is perturbed in mice and rats derived from embryos which have experienced altered rates of preimplantation embryo development (5, 20, 113) .
However, in studies examining the postnatal development of ART children, the main emphasis has been upon neurological development, rates of surgical interventions and growth rather than cardiovascular health (112) .
THE SEARCH FOR MECHANISMS
From the evidence presented above, environmentally-induced changes in embryos imprinted alleles which retain their status. In the ICM this is followed by extensive remethylation from the morula stage onward, likely mediated by the de novo DNA methylase Dnmt3b which is detectable in the ICM but not in the trophectoderm (122) .
In marked contrast, the placental DNA remains close to the undermethylated ground state created by the combination of active and passive demethylation. We will next consider the evidence why epigenetics may be at the heart of environment-induced embryo programming.
ROLE FOR EPIGENETICS IN EMBRYO LINEAGE ALLOCATION
The first lineage allocations in mouse take place early in development before implantation and are under genetic control, as reviewed elsewhere (123) . It is thought that the first blastomeres represent totipotent precursor cells. These will undergo lineage decisions based on antagonisms between transcription factor genes. In the first 
SUBOPTIMAL IN VITRO CULTURE INDUCES EPIGENETIC CHANGES AT IMPRINTED GENES.
There is growing evidence that embryo culture conditions induce changes in Several studies were conducted to determine the effects of serum on rodent embryos.
Preimplantation exposure to FCS caused mouse fetuses derived by uterine transfer to express decreased levels of the imprinted Igf2 and H19 gene, concomitant with increased DNA methylation at the imprinting control region (130) . There were also effects on imprinted growth factor binding genes: Grb10 expression was increased, while Grb7 expression was lowered. In another mouse study (19) , 
ART AND IMPRINTING DISORDERS
As recently reviewed elsewhere (135) , there are a number of studies pertinent to the relationship between ART procedures and the incidence of imprinting disorders.
There have been reports on individual ICSI-conceived children with Angelmann Syndrome (AS) where an imprinting defect was demonstrated (136, 137) . Likewise, there have been reports of IVF and ICSI children with Beckwith-Wiedemann Syndrome (BWS), albeit without analysis of the underlying defect (reviewed in (138) .
A number of patient-based studies of the prevalence of BWS, as well as a large case control study have found a three to nine fold increase in ART children (139) (140) (141) (142) . It should be noted that the underlying defect in the AS as well as BWS cases is hypomethylation of the maternal alleles' imprinting control region. Thus, even though the risk of an imprinting disorder after ART is very low and not cause for alarm, its increase compared to conventionally conceived children is compatible with an adverse effect of preimplantation manipulation and culture on proper establishment of epigenetic marks.
EVIDENCE FOR EPIGENETIC EFFECTS OF PROTEIN RESTRICTED DIET
Persistent and gene-specific epigenetic changes in response to maternal diet were found in a study on rats (143) . When female pregnant rats were fed a protein restricted diet throughout pregnancy (including preimplantation stages) this caused reduced DNA methylation of the peroxisomal proliferator activated receptor (PPAR) alpha and Glucocorticoid receptor (GR) genes and increased their expression in the offspring post-weaning; these effects could be abolished by folic acid supplementation of the protein-restricted diet. Further, GR hepatic promoter showed changed histone marks consistent with transcriptional activation in addition to DNA hypomethylation. Intriguingly, DNA methyltransferase 1 (Dnmt1) was implicated in these epigenetic changes because its expression was significantly reduced and its variation could to a large degree explain variation in GR promoter methylation (144) .
As the maternal protein restriction used extended throughout the entire pregnancy, it is tempting to speculate whether protein restriction during the preimplantation period would be sufficient to induce permanent alterations to Dnmt expression.
In this context, maternal low protein diet treatment to rats exclusively during preimplantation development leading to postnatal phenotypic changes (5) may include an epigenetic mechanism. Thus, this treatment resulted in male blastocysts showing reduced H19 expression levels, which was mirrored by reduced H19 and Igf2 expression in male fetal livers (6) . Importantly, extension of the maternal protein restriction beyond the preimplantation stage abolished the downregulation of H19 and Igf2 in fetal liver, indicating that the blastocyst's early response is an appropriate one when protein restriction continues.
In order to understand the mechanisms of preimplantation maladaptive programming during the preimplantation window of sensitivity, it is imperative to investigate its molecular basis, for instance at the level of signalling, gene expression and altered epigenetic modifications in the embryo. Furthermore, we must unravel how the pertinent subsequent phenotypic effects become manifest in the fetus itself and its supply systems (including cross talk between fetus, yolk sac and placenta) from a physiological, endocrine and metabolic perspective. 
